Abstract Autophagy is an evolutionarily-conserved selfdegradative process that maintains cellular homeostasis by eliminating protein aggregates and damaged organelles. Recently, vesicle-associated membrane protein-associated protein B (VAPB), which is associated with the familial form of amyotrophic lateral sclerosis, has been shown to regulate autophagy. In the present study, we demonstrated that knockdown of VAPB induced the up-regulation of beclin 1 expression, which promoted LC3 (microtubuleassociated protein light chain 3) conversion and the formation of LC3 puncta, whereas overexpression of VAPB inhibited these processes. The regulation of beclin 1 by VAPB was at the transcriptional level. Moreover, knockdown of VAPB increased autophagic flux, which promoted the degradation of the autophagy substrate p62 and neurodegenerative disease proteins. Our study provides evidence that the regulation of autophagy by VAPB is associated with the autophagy-initiating factor beclin 1.
Introduction
Autophagy is an evolutionarily-conserved cellular process that degrades long-lived proteins, cytosolic aggregated proteins, and damaged organelles via lysosomes [1] . The process of autophagy includes autophagosome formation, a step in which the cytoplasmic components are sequestered in a double membrane; autolysosome formation by fusion of mature autophagosomes with lysosomes; and substrate degradation in which the cargo-containing substrates are degraded by proteases in the lysosome [2] . Autophagy plays roles in the maintenance of cellular homeostasis in physiologically normal and stress conditions [3] , but is also involved in many disease processes, such as neurodegeneration, aging, inflammation, and metabolism [1, 3, 4] . Multiple cellular factors are associated with the regulation of autophagy, including nutrient status, oxidative stress, and Ca 2? signaling [5] [6] [7] . Oxidative stress is tightly associated with Ca 2? signaling and endoplasmic reticulum (ER) stress, and is related to the pathogenesis of many diseases [7] [8] [9] . Recently, vesicle-associated membrane protein-associated protein B (VAPB), an integral ER-membrane protein, has been reported to regulate autophagy through ER-mitochondrial signaling [10] .
VAPB is a multi-functional protein, involved in ER-toGolgi protein trafficking [11, 12] , neuromuscular junction development [13] , and neurite extension [14] . Mutations in VAPB cause familial amyotrophic lateral sclerosis (ALS) [15] [16] [17] , a neurodegenerative disease characterized by the progressive degeneration of motor neurons in the brain and spinal cord [18] . Although the mechanism by which mutant VAPB causes ALS remains unknown, transgenic mice with the P56S mutant of VAPB present with abnormal aggregation of mutant VAPB [19] [20] [21] knock-in mice also show progressive defects in motor behaviors, with cytoplasmic inclusions that are labeled with VAPB, ubiquitin, and LC-3 (microtubule-associated protein light chain 3), but not ER markers [22] . Furthermore, in P56S VAPB knock-in mice, the mutant VAPB induces ER stress [22] . Although P56S VAPB mice show positive phenotypes that suggest a role of mutant VAPB in disease pathogenesis, the normal function of VAPB as well as its association with disease is still unclear. Most recently, VAPB has been shown to interact with mitochondrial protein tyrosine phosphatase-interacting protein 51 (PTPIP51), which regulates ER-mitochondria contacts [23] . Overexpression of VAPB increases these contacts, leading to an increased exchange of Ca 2? between ER and mitochondria. However, knockdown of VAPB decreases the contacts and Ca 2? delivery from ER to mitochondria, thus increasing cytosolic Ca 2? and inducing autophagy [10] .
In the present study, we demonstrated that VAPB knockdown-induced autophagy is mediated by beclin 1. Knockdown of VAPB increased beclin 1 at both the protein and mRNA levels, suggesting transcriptional regulation of beclin 1 by VAPB. Thus, our study provides insight into the mechanisms underlying VAPB-regulated autophagy.
Materials and Methods
Cell Culture, Transfection, and Treatment HeLa, HEK293, and HEK293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco, Los Angeles, CA) with 10% fetal bovine serum (Gibco), 100 lg/mL penicillin, and 100 lg/mL streptomycin. Cells were cultured at the same passage number for experimental consistency. SH-SY5Y cells were grown in DMEM/F12 (Gibco). Cells were maintained at 37°C under 5% CO 2 . For transient overexpression, the cultured cells were transfected with plasmids using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. Twenty-four hours after transfection, the cells were harvested for immunoblot or immunofluorescence analysis. HEK293 cells that stably expressed mCherry-LC3 were obtained by fluorescent sorting with a flow cytometer (BD Biosciences, San Diego, CA) after transient transfection. HEK293 cells transfected with si-VAPB were treated with bafilomycin A1 (BafA1) (Sigma, St Louis, MO) at 100 nmol/L or MG132 (Merck Millipore, Billerica, MA) at 10 lmol/L. Twenty-four hours later, the treated cells were used in experiments.
Small Interfering RNA (siRNA) RNA oligonucleotides were transfected into cells with RNAiMAX (Invitrogen). Briefly, the cells were incubated in a mixture of Opti-MEM, RNAiMAX, and RNA oligonucleotides for 20 min at room temperature before transfection. Twelve hours later, the medium was replaced with fresh complete medium. The cells were collected 72 h after transfection for further analysis. The oligonucleotides that target human VAPB, VAPA (vesicle-associated membrane protein-associated protein A), and Beclin 1 were from GenePharma (Shanghai, China). The sequences were as follows: si-VAPB #1 sense 5'-UGUUACAGCCUUUCGAUUATT-3', antisense 5'-UAAUCGAAAGGCUGUAACATT-3'; si-VAPB #2 sense 5'-GGUUCAGUCUAUGUUUGCUTT-3', antisense 5'-GCAAACAUAGACUGAACCTT-3'; si-VAPA sense 5'- 
Immunoblot Analysis and Antibodies
The cells were lysed in lysis buffer containing 50 mmol/L Tris-HCl (pH 7.5), 150 mmol/L NaCl, 1% NP40, 0.5% sodium deoxycholate, and a complete protein inhibitor cocktail (Roche, Mannheim, Germany). Approximately 20 lg of lysate was separated on SDS-PAGE and then transferred onto polyvinylidene difluoride membrane (Millipore). The following antibodies were used for immunoblot analysis: anti-b-actin (Sigma), anti-FLAG (M2, F3165, Sigma), anti-GAPDH (MAB374, Chemicon, Temecula, CA), anti-GFP (sc-9996, Santa Cruz Biotechnology, CA), anti-LC3 (NB100-2220, Novus Biologicals, Littleton, CO), anti-VAPA (D223525, Sangon Biotech, Shanghai, China). and anti-VAPB (14477-1AP, Proteintech, Rosemont, IL).
The anti-mouse and anti-rabbit secondary antibodies coupled to horseradish peroxidase were from Jackson ImmunoResearch (West Grove, PA). The proteins were viewed with an ECL detection kit (Thermo Fisher, Waltham, MA).
Plasmids
The EGFP-LC3 and FLAG-P62 plasmids were as described previously [24] . Full-length human VAPB cDNA was amplified using PCR from a human fetal brain cDNA library with the primers 5'-GAGGATCCC-CATGGCCTTGGCCGGGGCC-3' and 5'-GAGAATCCC-GAAATCCAGGGGGTGA-3'. The PCR product was inserted in-frame into the pKH3 vector at the BamHI/ EcoRI sites to obtain FLAG-VAPB plasmids. The plasmid pmCherry-EGFP-LC3B (human) was from Bioworld Technology (Nanjing, China) and the plasmid FLAG-VAPA (human) was from YouBio (Changsha, China).
Immunofluorescence
Cells were washed in phosphate-buffered saline (PBS; pH 7.4), fixed with 4% paraformaldehyde for 5 min, and then blocked for 3 min with 4% fetal bovine serum containing 0.1% Triton X-100 in PBS. The cells were then incubated Fig. 2 VAPB deficiency is essential for autophagosome formation. Immunofluorescence images of FLAG-P62 (red) and EGFP-LC3 (green) puncta (left) and statistics of co-localization (right) in HEK293 cells transfected with two kinds of si-VAPB for 24 h (n = 30-40; **P \ 0.01, ***P \ 0.001).
Fig. 3 Wild-type VAPB but not P56S-VAPB inhibits autophagy.
A LC3 protein levels in HEK293T cells transfected with FLAG-VAPB for 48 h (n = 3; *P \ 0.05, **P \ 0.01). B LC3 protein levels in HEK293T cells transfected with mCherry-VAPB or mCherry-P56S-VAPB for 48 h (n = 3; *P \ 0.05, **P \ 0.01).
with mouse anti-FLAG antibody followed by incubation with rhodamine-conjugated donkey anti-mouse IgG (Invitrogen). The cells were then stained with Hoechst (Sigma). After staining, the cells were observed under a fluorescence microscope (Olympus, IX71, Tokyo, Japan) or a confocal microscope (LSM710, Zeiss, Jena, Germany).
RNA Isolation and Quantitative Real-Time PCR (qRT-PCR)
Total RNA was isolated from HEK293T cells using TRIzol reagent (Invitrogen), and then reverse-transcribed into cDNA for PCR assays with a TransScript First-Strand cDNA Synthesis Kit (Takara, Otsu, Shiga, Japan). The primer pairs used for qRT-PCR were as follows: human b-
Statistical Analysis
Densitometric analyses of immunoblots from three independent experiments were performed using Photoshop 6.0 (Adobe, San Jose, CA). The data were analyzed using Prism6.0 (GraphPad Software, La Jolla, CA). The quantitative data are presented as the mean ± SEM. Statistical significance was assessed via one-way ANOVA and significance was set at P \ 0.05. 
Results

Knockdown of VAPB Activates Autophagy
To investigate whether VAPB is involved in the regulation of autophagy, we used two siRNAs to silence VAPB expression in three cell lines, HEK293T, HeLa, and SH-SY5Y cells. Knockdown of VAPB with both of the siRNAs against VAPB significantly increased the LC3-II levels in all three cell lines (Fig. 1A-C) , suggesting that VAPB deficiency leads to autophagosome formation across diverse cell types. The ubiquitin-binding autophagic adaptor p62/SQSTM1 has been shown to bind to LC3 and mediate the engulfment of autophagic cargoes into autophagosomes, so the co-localization of p62 and LC3 puncta may serve as a marker of autophagosome formation [25, 26] . We found an increased co-localization of FLAGp62 with EGFP-LC3 puncta in VAPB-knockdown cells (Fig. 2) . Together, these data indicated that VAPB deficiency activates autophagy.
Overexpression of Wild-Type VAPB but not P56S-VAPB Inhibits Autophagy
As VAPB deficiency activates autophagy, we next investigated the effect of VAPB overexpression. We found that overexpression of FLAG-VAPB inhibited the conversion of LC3-I to LC3-II (Fig. 3A) , suggesting an inhibition of autophagy by VAPB overexpression. The P56S mutation in VAPB (P56S-VAPB) has been reported to cause familial ALS [17] , so we assessed its effect on autophagy. Surprisingly, overexpression of P56S-VAPB significantly increased the LC3II protein levels compared with control ( Fig. 3B) , suggesting that the P56S mutant lost the ability to inhibit autophagy. These data indicate that wild-type VAPB inhibits autophagy, whereas the ALS-associated mutation P56S-VAPB plays a different role in the regulation of autophagy.
Activation of Beclin 1 Transcription by Knockdown of VAPB
As VAPB was found to regulate autophagy, we set out to determine which pathway is involved in the autophagosome formation induced by VAPB deficiency. We examined mammalian target of rapamycin (mTOR) and beclin 1, proteins that are considered to regulate the initiation of autophagy [27] [28] [29] . In VAPB-knockdown cells, the phosphorylation of mTOR remained unchanged (Fig. 4A) . However, knockdown of VAPB significantly up-regulated the beclin 1 protein levels in HEK293T, HeLa, and SH-SY5Y cells (Fig. 4B-D) . Consistently, overexpression of FLAG-VAPB down-regulated the beclin 1 protein levels (Fig. 4E) . Moreover, the Beclin 1 mRNA levels were also dramatically up-regulated by knockdown of VAPB (Fig. 4F) . These data suggested that VAPB deficiency transcriptionally induces beclin 1 expression.
Loss of VAPB Affects Autophagy in a Beclin 1-Dependent Manner
To further identify the role of beclin 1 in VAPB-regulated autophagy, we examined the LC3 levels after knockdown of beclin 1 in VAPB-knockdown cells. Knockdown of VAPB significantly increased LC3 conversion, but failed to do so in cells in which beclin 1 was silenced (Fig. 5A) . Consistently, in HEK293 cells stably expressing mCherry-LC3, knockdown of VAPB induced the formation of LC3 puncta, but failed to do so in beclin 1-knockdown cells (Fig. 5B) . These data further suggested that loss of VAPB induces autophagy in a beclin 1-dependent manner.
Loss of VAPB Promotes Autophagic Flux
We then examined whether VAPB affects the whole process of dynamic autophagy, autophagic flux. We knocked VAPB down in cells expressing mCherry-EGFP-LC3B. The mCherry (red) and EGFP (green) together emitted yellow fluorescence in autophagosomes; however, when autolysosomes were formed, the pH-sensitive EGFP fluorescence was lost while the red fluorescence was preserved [30, 31] , which suggested the successful fusion of autophagosomes and lysosomes and the degradation of cargoes by lysosomes in autophagic flux. A decreased yellow LC3 ratio and an increased red fluorescence ratio were present in VAPB-knockdown cells relative to control siRNA-treated cells (Fig. 6A) , giving a different appearance to those treated with BafA1, a vacuolar-type H ? -ATPase inhibitor that decreases lysosome acidification and affects the fusion of autophagosomes with lysosomes (Fig. 6A) . In addition, the yellow fluorescence further increased in VAPB-knockdown cells compared with controls under BafA1 treatment (Fig. 6A) . These data suggested that loss of VAPB induces autophagosome formation and promotes autophagic flux. Moreover, we examined the effect of VAPB on the autophagy-mediated degradation of p62, a well-known autophagy substrate [32, 33] . Knockdown of VAPB significantly decreased the p62 protein levels, but failed to do so in cells treated with BafA1 (Fig. 6B) . Together, these data suggested that loss of VAPB induces autophagic flux and promotes the degradation of autophagy substrates.
Loss of VAPB Increases the Degradation of Neurodegenerative Disease-Related Proteins
Since VAPB deficiency promoted autophagic flux, we further investigated whether the flux induced by VAPBknockdown promotes the degradation of proteins that are prone to aggregate, such as mutant huntingtin and mutant superoxide dismutase 1 (SOD1). SOD1-G93A is one of the most important pathogenic proteins of ALS [34] . We found that aggregates formed by RFP-G93A-SOD1 or EGFP-HTT60Q, a truncated fragment of huntingtin with 60Q [35, 36] , co-localized with autophagosomes (Fig. 7A) . The number of aggregates of EGFP-HTT60Q or RFP-SOD1-G93A was lower in VAPB-knockdown cells, indicating that VAPB-deficiency induces the degradation of EGFP-HTT60Q and RFP-SOD1-G93A (Fig. 7B, C) . MG132 treatment increased the aggregates of EGFP-HTT60Q and RFP-SOD1-G93A more than BafA1 (Fig. 7B, C) , suggesting that EGFP-HTT60Q and RFP-SOD1-G93A are mainly degraded by the proteasome. However, the decrease of aggregates caused by VAPB deficiency was not blocked in the presence of MG132, but was distinctly blocked in the presence of BafA1 (Fig. 7B, C) , which indicated that the degradation of EGFP-HTT60Q and RFP-SOD1-G93A by VAPB-deficiency is associated with the regulation of autophagy.
VAPA and VAPB Have Similar Functions in Autophagy Regulation
VAPA is another VAP which is structurally and functionally related to VAPB in cells [37, 38] . So, we also investigated its effect on autophagy. Interestingly, similar to VAPB, VAPA-knockdown upregulated LC3II protein levels (Fig. 8A) , while VAPA overexpression decreased them (Fig. 8B) . These results indicated that VAPA and VAPB have similar functions in the regulation of autophagy.
Discussion
In the present study, we demonstrated that knockdown of VAPB induces the initiation of autophagy by activating beclin 1 transcription. Knockdown of beclin 1 completely blocked the VAPB loss-induced autophagy, suggesting an involvement of beclin 1 in VAPB-mediated autophagy.
Beclin 1 was originally identified as a Bcl-2-interacting protein [39] , functioning in multiple cellular pathways and diseases, such as development, innate immunity, cancer suppression, and neuroprotection [40] . Beclin 1 is involved in activating autophagy through its interaction with other proteins, including ATG14L and VPS34 (vacuolar protein sorting 34), a class III phosphatidylinositol-3 kinase [40] . The complex formed by beclin 1 and its partners functions to generate phosphatidylinositol-3-phosphate that promotes autophagosome nucleation [41] . Knockdown of VAPB disturbs VAPB-PTPIP51 interactions, resulting in a decrease of ER-mitochondrial contact, thus increasing cytosolic Ca 2? [23] . The elevated cytosolic Ca 2? may activate the expression of c-FOS that acts as an element of AP-1 to regulate the transcription of beclin 1 [42] , an important factor for autophagosome nucleation [29, 43] . It is therefore possible that an increase of cytosolic Ca 2? induced by knockdown of VAPB is responsible for the upregulation of beclin 1, thereby activating autophagy.
Both loss-of-function and gain-of-function have been documented in VAPB animal models. VAPB P56S transgenic mice present TDP-43-positive aggregates in motor neurons [44] and P56S knock-in mice show motor defects [22] , suggesting a gain-of-function. However, knockdown of VAPB in zebrafish or its knockout in mice induces motor symptoms similar to ALS [45] ; and in ALS patients, the expression of VAPB is decreased in the spinal cord [46] , suggesting a loss-of-function mechanism. Here, we found that overexpression of wild-type VAPB inhibited autophagy, while overexpression of VAPB (P56S) increased LC3II levels, suggesting that, unlike the wildtype, VAPB (P56S) has different effects on autophagy regulation. Although the pathological role of VAPB in ALS remains unclear, its role in the regulation of ER- mitochondrial contact and autophagy is certain. In the present study, we found that VAPB regulated beclin 1 expression for autophagy activation.
In summary, we found that knockdown of VAPB activated autophagy by promoting the expression of beclin 1 at the transcriptional level. The activation of autophagy by knockdown of VAPB promoted the degradation of the autophagy substrate p62 and neurodegenerative disease proteins. This study increases our understanding of the mechanism of autophagy regulation by VAPB.
